ROS modulate a variety of disparate pathological and physiological events in biological systems, including growth factor signaling 1 , wound healing 2 , stem cell maintenance and neurogenesis 3, 4 , and circadian rhythm 5, 6 . Whether a particular ROS acts as a physiological signaling molecule or a mediator of oxidative stress and disease depends both on its identity and its location within the cell [7] [8] [9] . Mitochondria are a primary source of endogenous cellular H 2 O 2 , a particularly important ROS [10] [11] [12] [13] . This is primarily because of the inherent 'leakiness' of the electron transport chain, meaning that the reduction of molecular oxygen to water is imperfect and rogue reducing equivalents can escape and react with O 2 to form superoxide, which is quickly reduced to H 2 O 2 (ref. 14) . In line with recently uncovered roles for physiological processes mediated by mitochondrial redox changes including growth signaling and neuronal firing [15] [16] [17] , new methods for detecting ROS in this specific locale have been developed 18 , including small-molecule [19] [20] [21] and protein-based fluorescent sensors (refs. 22-26 and Table 1) .
Our laboratory has used the H 2 O 2 -mediated conversion of aryl boronates to phenols as a general strategy to construct a variety of small-molecule probes that respond selectively to endogenous H 2 O 2 over other competing ROS 4, [27] [28] [29] [30] [31] [32] . This protocol describes a recipe-style preparation of MitoPY1 (Fig. 1a) , a first-generation H 2 O 2 -specific fluorophore for detecting this specific ROS within the mitochondria of living systems 21 , as well as a procedure for imaging mitochondrial H 2 O 2 in cultured cells.
MitoPY1 is a bifunctional molecule that combines a boronatemasked xanthene fluorophore scaffold for selective H 2 O 2 detection and a triphenylphosphonium targeting group for mitochondrial localization, taking advantage of the organelle-specific proton gradient [33] [34] [35] . H 2 O 2 -mediated boronate to phenol conversion of MitoPY1 triggers subsequent opening of the bottom-ring lactone to expose a fully conjugated xanthene fluorophore that is brightly fluorescent (Fig. 1b) . MitoPY1 selectively and efficiently localizes to the mitochondria of a variety of common mammalian cell lines, where it can respond to local changes in H 2 O 2 levels with a turn-on fluorescence increase. MitoPY1 is capable of visualizing mitochondrial H 2 O 2 generation triggered by the small-molecule oxidative stress inducer paraquat. In addition, MitoPY1 has recently been used to detect endogenous H 2 O 2 in various cell culture models 36, 37 , as well as to measure mitochondrial H 2 O 2 levels in tissue isolates of the rat renal medullary thick ascending limb 38 . These studies revealed that sodium uptake results in increased mitochondrial H 2 O 2 production, suggesting a link between hypertension and oxidative stress. Advantages of MitoPY1 include ROS specificity, organelle-specific detection, visible excitation and emission, the ability to use this probe simultaneously with boronate-based probes targeted to other organelles, and the ability to use this technique in tissues and perhaps whole organisms without the need for transfection. Drawbacks include the irreversible reaction with H 2 O 2 , slower than optimal reaction kinetics and the current availability of only a single emission color.
The synthetic procedure is described on the 100-mg scale to yield MitoPY1 in the 10-mg range, which is sufficient for many biological assays. However, we have found that this synthetic procedure is scalable, such that compounds 1, 2 and 3 can be made on the gram scale, yielding hundreds of milligrams of MitoPY1 without any issues. In addition, this synthetic procedure may be applied to create other mitochondrionlocalized bifunctional fluorescent probes. The fluorescent scaffold used permits the mitochondrion-targeting triphenylphosphonium group to be added at the final stage of the synthesis, so that many reactions could potentially be used to apply other protecting or sensing groups onto the phenol of compound 1 or at the triflate position of compound 2.
In the procedure below, we describe an example experiment using adherent mammalian cells grown on coverslips. We recommend using three replicates for each treatment type. Conditions that would be expected to affect H 2 O 2 concentration are applied after addition of MitoPY1 to the medium. For a positive control, we recommend treating cells with H 2 O 2 (Step 53). If desired, a mitochondrion-specific control dye can be added simultaneously with the MitoPY1 solution at Step 51 in order to confirm the expected localization of the MitoPY1 signal.
For each cell type, an initial experiment should be performed to determine the most appropriate length of time to incubate the cells with MitoPY1 before applying the conditions affecting H 2 O 2 concentration. This time interval depends on the baseline H 2 O 2 production of the cell type and the dye uptake properties of the specific cell or tissue type.
The approaches described here have been found to be useful in detecting mitochondrial levels of H 2 O 2 in a variety of human cell lines and tissue samples. One caveat is that peroxynitrite could also deprotect the boronate group if it is present at sufficient concentrations, but this species is typically present at much lower levels than peroxide 39 ; nevertheless, proper controls must always be done to fully validate the presence of H 2 O 2 in a biological system. Common controls include administering antioxidants such Multiple images taken in various fields should be acquired for each condition and experiments should be repeated at least in triplicate to obtain average fluorescent intensities under various conditions. Alternatively, once microscopy has been used to validate the localization of MitoPY1 in each new biological model, flow cytometry can be implemented to quantify the average fluorescent intensity under various conditions. We anticipate that a similar protocol should also be adequate for use in transparent organisms such as zebrafish embryos or Caenorhabditis elegans, as related boronatebased fluorescent probes have been shown to work in vivo 32 .
MaterIals
ReagenTs ! cautIon All chemicals and reactions used in this protocol are potentially harmful, and thus a lab coat, gloves and eye protection should be used.
(4-Iodobutyl)triphenylphosphonium (IBTP), prepared as described elsewhere 40 2-(2,4-Dihydroxybenzoyl)benzoic acid, prepared as described elsewhere 41 1-( Erlenmeyer flasks (100-500 ml)
Beakers (100-500 ml) Single-neck, round-bottomed flasks (50-300 ml) (2 mM). The day before imaging, cells were passaged and plated in 18-mm glass coverslips coated with poly-l-lysine (50 µg ml − 1 ) in each well of a 24-well plate. Adherent cells for imaging were grown to 50-80% confluency. eQUIPMenT seTUP Petri dishes In our laboratory, the cells on the coverslips were transferred to Petri dishes and were analyzed using water-immersion microscope objectives; this protocol can be readily adapted to coverslip holders and inverted microscopes with oil-based objectives or any other culturing technique for preparing cells, tissues or organisms for visualization by microscopy. Medium containing serum and phenol red should be avoided.
•
proceDure synthesis of Fmoc-piperazinerhodol (1) • tIMInG 10-12 h, plus purification 1| Inspect a heavy-walled pressure flask and cap for cracks or breaks, and ensure that the threaded Teflon cap with o-ring seals well. ! cautIon Ensure that the pressure flask is completely intact in order to avoid explosion.
2|
To the flask, add 1.24 g (4.8 mmol, 1.0 eq.) of 2-(2,4-dihydroxybenzoyl)benzoic acid and 853 mg (4.8 mmol, 1.0 eq.) of 1-(3-hydroxyphenyl)-piperazine. Add a magnetic stir bar that can rotate freely in the flask.
3|
Dissolve the contents of the flask in ~20 ml of TFA. ! cautIon TFA is corrosive and volatile and should be handled in a fume hood.
4|
Firmly screw the Teflon cap with o-ring into place to ensure that the pressure flask is completely sealed.
5|
Securely attach the flask with a clamp into a room temperature (20-25 °C) oil bath placed on a temperature-controlled heating element with stirrer.
6|
Before turning on any heat, place a blast shield around the heating element. ! cautIon For safety concerns, make sure that if the heavy-walled flask were to rupture, no contents would be able to spray out past the blast shield.
7|
Heat the oil bath to 95 °C while stirring the flask.
8|
After 3 h, turn off the heating element and allow the reaction to cool to room temperature.
9|
Once the mixture is completely cool, remove the flask from the oil bath and carefully remove the cap.
10| Add 300 ml of diethyl ether and a stir bar to a 500-ml beaker.
11|
While the diethyl ether is vigorously stirring, slowly pour the contents of the heavy-walled flask into the diethyl ether. A red precipitate should form.
12|
Filter the diethyl ether though a medium fritted filter using low vacuum.
13|
Once the liquid phase has passed through the frit, immediately turn off the vacuum and begin dissolving the solid filtrate in methanol.  crItIcal step Probably because of the presence of residual TFA, the solid precipitate will begin to form an oil immediately after filtering, which is why it is important to dissolve the solid into methanol immediately after filtration is complete.
14|
Transfer the methanol solution into a 500-ml round-bottomed flask and dry it under reduced pressure using a rotary evaporator and a heated water bath. After all of the solvents have been removed, a red solid should remain. This crude product can then be stored at room temperature and will be used for the following reaction without further purification.
15| Dry a 15-ml Schlenk tube containing a magnetic stir bar in an electric oven at 130 °C for at least 4 h.
16|
Begin the flow of N 2 to flush air from the N 2 line. Remove the dry 15-ml Schlenk tube from the oven with a magnetic stir bar from Step 15, and while it is still hot attach the N 2 line to the tube. Attach a rubber septum to the Schlenk tube and insert a needle into the septum. Open the valve on the Schlenk tube to cool the reaction vessel under a flow of N 2 .
17|
After the glassware has cooled to room temperature, add 1.09 g of the crude product from Step 14, 845 mg (3.27 mmol, 0.68 eq.) of Fmoc-Cl and 686 mg (8.16 mmol, 1.7 eq.) of NaHCO 3 while continuing the flow of N 2 . Re-seal the tube with the septum, add 20 ml of anhydrous acetonitrile with a needle and syringe, and stir the reaction mixture at room temperature under an atmosphere of N 2 .
18| After 3 h, pour the reaction mixture into a separatory funnel and add 100 ml of ethyl acetate. Shake and separate the layers and wash the organic layer three times with water (100 ml each wash) and once with NaCl brine (100 ml), shaking and separating as before.
19|
Take the organic layer and dry it over ~10 g of anhydrous sodium sulfate for 10-15 min, allowing the solution to stand with occasional agitation until it is completely translucent and the solid sodium sulfate moves freely in the flask. Gravityfilter the mixture through fluted filter paper and remove the solvent by rotary evaporation.
20|
Purification by silica gel column chromatography (column diameter: 5-8 cm; silica gel column height: 25-40 cm) using 1:1 hexanes/ethyl acetate as an eluent yields 654 mg of compound 1 as a red solid in ~39% overall yield. R f compound 1 = 0.33 (50% ethyl acetate in hexanes); it appears bright red on a silica gel TLC plate after allowing it to stand for 5 min.
The identity and purity of the compound can be established by proton NMR spectroscopy ( 1 H NMR), carbon NMR spectroscopy ( 13 C NMR) and mass spectrometry (MS).  pause poInt The product can be stored in the dark at − 20 °C for at least a week, but it should generally be used in the next step as soon as possible.
synthesis of Fmoc-piperazinerhodoltriflate (2)
• tIMInG 24 h, plus purification 21| Dry the 15-ml Schlenk tube and a magnetic stir bar overnight in an electric oven at 130 °C.
22|
Cool the glassware under a flow of N 2 as described in Step 16.
23|
To the Schlenk tube, add 400 mg (0.64 mmol, 1.0 eq.) of compound 1, 458 mg (1.28 mmol, 2.0 eq.) of N-phenyl bis(trifluoromethanesulfonamide) and 340 mg (3.21 mmol, 5.0 eq.) of Na 2 CO 3 .
24| Seal the tube with a rubber septum and add 8 ml of anhydrous DMF by a needle and syringe.
25| Stir the reaction mixture overnight (10-12 h) at room temperature under an atmosphere of N 2 , with the Schlenk tube covered with aluminum foil to exclude light.
26|
Pour the reaction into a separatory funnel and add 100 ml of ethyl acetate. Shake and separate the layers and wash the organic layer three times with water (100 ml each wash), shaking and separating as before.
27|
Take the organic layer, dry it over ~10 g of sodium sulfate for 10-15 min, gravity-filter it through fluted filter paper and remove the solvent by rotary evaporation.
28|
Purify the product by silica gel column chromatography (column diameter: 3-5 cm; silica gel column height: 30-45 cm) using 1:1 hexanes/ethyl acetate as an eluent. This should yield 222 mg of compound 2 as a white solid in 46% yield. R f compound 2 = 0.69 (50% ethyl acetate in hexanes); the product spot is faintly red, after allowing it to stand for 5-10 min. The identity and purity of the compound can be established by 1 H NMR, 13 C NMR and MS.  pause poInt At this point, the solid can be stored in the dark at − 20 °C for at least 3-6 months.
synthesis of Fmoc-piperazinerhodolboronate (3)
• tIMInG 8-12 h, plus purification 29| Dry the 15-ml pressure tube and a magnetic stir bar overnight in an electric oven at 130 °C.
30|
Bring compound 2, Pd(dppf) Cl 2 ·CH 2 Cl 2 , bis(pinacolato)diboron, potassium acetate, anhydrous toluene and the 15-ml pressure tube and threaded Teflon cap with o-ring into an inert-atmosphere glove box. Alternatively, an inert-atmosphere glove bag should be sufficient to keep O 2 and H 2 O out of the subsequent steps.
31|
While working in the glove box, add 222 mg (0.29 mmol, 1.0 eq.) of compound 2, 68 mg of Pd(dppf) Cl 2 ·CH 2 Cl 2 (0.08 mmol, 0.25 eq.), 74 mg of bis(pinacolato)diboron (0.29 mmol), 1.0 eq.), 82 mg (0.80 mmol, 2.8 eq.) of potassium acetate and 10 ml of anhydrous toluene to the pressure tube. Seal the tube tightly with the cap and bring the reaction vessel out of the glove box.
32|
Heat the tube in a temperature-controlled microwave reactor for 4 h at 110 °C.
33|
After the reaction has cooled to room temperature, carefully open the pressure tube and dilute the reaction with 50 ml of dichloromethane, transfer all of the contents to a 100-ml round-bottomed flask and then remove the solvents by rotary evaporation.
34|
Purify the product by silica gel column chromatography (column diameter: 1-3 cm; silica gel column height: 20-30 cm) using 1:1 hexanes/ethyl acetate as an eluent. This should result in 151 mg of compound 3 as a white solid in 74% yield. R f compound 3 = 0.69 (50% ethyl acetate in hexanes); immediately after running the TLC plate, the product spot is colorless but turns bright red on the silica gel TLC plate after allowing it to stand for 5 min. The identity and purity of the compound can be established by 1 H NMR, 13 
36|
After stirring the reaction for 30 min at room temperature, remove the solvent by rotary evaporation using the vial adaptor.
37|
Move the scintillation vial containing dry, Fmoc-deprotected compound 3 plus containers holding the other required reagents and equipment-IBTP, sodium bicarbonate, degassed anhydrous acetonitrile and a scintillation vial cap-into an inert-atmosphere glove box. The dry reagents can be preloaded into the vial, but the solvent should be added separately in the glove box. Generally, we store the dry components in the glove box to ensure that they stay dry.
38|
Add 55 mg (96 µmol, 2.0 eq.) of IBTP, 30 mg (240 µmol, 5.0 eq.) of sodium bicarbonate, 5 ml of anhydrous acetonitrile and a stir bar to the scintillation vial containing Fmoc-deprotected compound 3. Cover the reaction vessel with aluminum foil and stir it at room temperature in the inert-atmosphere glove box.  crItIcal step We have found that the triphenylphosphonium group is prone to degradation during the course of this particular reaction if it is exposed to atmospheric oxygen and/or H 2 O, which is why we attempt to keep the reaction as oxygen-free and H 2 O-free as possible. This reaction could also potentially be run in a Schlenk tube using standard air-free technique or an inert-atmosphere glove bag, as long as care is taken to keep oxygen out of the reaction.
39| After 24 h, remove the reaction vessel from the glove box, gravity-filter the mixture through fluted filter paper and remove the solvent by rotary evaporation.
40|
Purify the product by silica gel column chromatography (column diameter: 1-3 cm; silica gel column height: 20-30 cm) using 4.5:4.5:1 dichloromethane/ethyl acetate/methanol as an eluent. This should result in 35 mg of MitoPY1 as a light pink solid in 76% yield. R f compound 4 = 0.59 (4.5:4.5:1 dichloromethane/ethyl acetate/methanol). Because of boronate deprotection on silica gel, the product may not be readily detectable by TLC, and an additional analytical technique such as liquid chromatography-mass spectrometry (LC-MS) should be used to confirm the presence of the product. The identity and purity of the compound can be established by 1 H NMR, 13 C NMR, MS and spectroscopic measurements (Fig. 2) .  crItIcal step The column should be run as quickly as possible, as the boronate group is prone to degradation when it is left on silica for too long.
? troublesHootInG  pause poInt At this point, the solid can be stored in the dark at − 20 °C for months. We recommend storing the product in a vial within a Ziploc bag containing desiccant. 43| Remove the solvent from the tubes by placing them in a desiccator under weak vacuum overnight, protected from light. Seal the PCR tubes and store them in a Ziploc bag with desiccant at − 20 °C.  pause poInt Dry stocks of MitoPY1 can be stored for months in the dark at − 20 °C.
Validation of MitopY1 activity
• tIMInG 2-6 h 44| Remove an aliquot of dry MitoPY1 from the freezer and allow it to warm to room temperature. Dilute the contents with 20 µl of DMSO to make a 5 mM stock solution.  crItIcal step Once diluted, the MitoPY1 solution should be used the same day owing to potential degradation of the boronate.
45| Make 2 ml of a 5 µM MitoPY1 stock in DPBS by adding 2 µl of MitoPY1 to 2 ml of DPBS and mixing the contents. Split the solution into two separate 1-ml portions. 
46|

47|
Immediately begin reading the fluorescence intensity of both the positive and negative control samples using a fluorimeter, exciting them with 503-nm light and either collecting an emission spectra or collecting at 530 nm, depending on the capabilities of the instrument. Alternatively, a plate reader can be used to monitor the course of the reaction, so long as the sensitivity of the instrument is adequate. The H 2 O 2 -treated positive control sample should increase in fluorescence intensity over time (Fig. 2) , whereas the negative control should remain constant. ? troublesHootInG
MitopY1 labeling of live cells • tIMInG variable; 30-90 min 48|
Remove an aliquot of dry MitoPY1 from the freezer and allow it to warm to room temperature. Dilute the contents with 20 µl of DMSO to make a 5 mM stock solution.  crItIcal step Once diluted, the MitoPY1 solution should be used the same day.
49| Make 2 ml of a 10 µM solution of MitoPY1 in DPBS by adding 4 µl of MitoPY1 to 2 ml of DPBS and mixing.
50|
Remove the 24-well plate of cells from the incubator and remove the cell growth medium from two of the wells. Add 1 ml of the 10 µM MitoPY1 DPBS solution to each well, and place the plate of cells back into the incubator.  crItIcal step A mitochondrion-specific control dye, such as the MitoTracker series, can be added simultaneously with MitoPY1. We have generally found that MitoTracker Deep Red at 25-100 nM is most compatible with MitoPY1, as it is red-shifted relative to MitoPY1 and does not produce a substantial amount of ROS upon illumination.
51|
After 15-90 min, depending on the rate of dye uptake of the cell type being used, remove the 24-well plate of cells from the incubator. Wash the wells by removing the MitoPY1 solution and replacing it with 1 ml of fresh, warm DPBS. Repeat the DPBS wash once.
52|
Treat one well with experimental conditions and one with control conditions. As a positive control, stimulation with 100 µM H 2 O 2 should be carried out. To do this, make a 100 mM solution of H 2 O 2 by adding 11 µl of 30% (wt/vol) H 2 O 2 into 989 µl of H 2 O. Add 1 µl of this solution to one well, and 1 µl of H 2 O to the control well. Place the 24-well plate of cells back into the incubator.
53|
After 15-90 min, remove the cells from the incubator and wash each well with 1 ml of warm DPBS twice (15 min is what we think is the shortest time required to see a robust response, and 90 min is a conservative upper limit as to how long cells can be kept in medium without serum before this will affect the results). Transfer the two coverslips into a 35-mm Petri dish containing 3 ml of warm DPBS.  crItIcal step Depending on the conditions being tested, this protocol can be adapted accordingly. For overnight treatments, simply wash the cells before adding the MitoPY1 solution. As fluorescence intensities will be compared between control cells and stimulated cells, it is crucial for direct comparison that for each experiment a control cell slide be used that was simultaneously loaded with the same MitoPY1 stock as stimulated cells.
Imaging MitopY1-labeled cells • tIMInG variable; 1-12 h 54| MitoPY1 can be imaged using any type of fluorescence microscope, including epifluorescence, confocal and multiphoton instruments. For standard confocal experiments, the best results were obtained with either 488-or 510-nm excitation, and collection between 527 and 580 nm. Alternatively, MitoPY1 can be detected by flow cytometry. In this case, the cells should be loaded with the dye and stimulated in an analogous fashion; at the end of the stimulation, the cells should be removed from the culture container using cell-specific protocols, and then they should be analyzed using the GFP channel on a flow cytometer. Impurities in the final preparation Purification of MitoPY1 requires a balance between running the column fast enough so that pinacol deprotection does not occur and slow enough to purify away from possible contaminants, especially triphenylphosphonium by-products, which tend to streak through the column 54
High fluorescent background in cells
Boronate converted phenol MitoPY1 should be stored in dry, cool conditions to maintain the boronate. Boronate deprotection will yield fluorescent product, which will in turn increase the background fluorescence of the experiment and lower the sensitivity of the assay. Care should be taken to get MitoPY1 as pure as possible
Low fluorescent background of cells
Pinacol deprotected
The boronic acid form of MitoPY1 is less cell permeable, which leads to less accumulation of the dye and less sensitivity of the assays. Stocks of MitoPY1 can be checked by LC-MS for the ratio of boronate to boronic acid, which should be primarily boronate in the final preparations.
MitoPY1 should be applied to cells immediately after addition to aqueous buffer, as the boronate will slowly convert to the boronic acid in the presence of H 2 O
• tIMInG With appropriate precursors in hand, the synthesis and purification of MitoPY1 (4) 
